In this paper, the effect of applied multi-variant heat treatment on microstructure, phase composition and mechanical response of Haynes 282 nickel-based superalloy was investigated. For this reason, temperatures of both stages of standard two-stage aging treatment (i.e., 1010°C/2 h + 780°C/8 h) were extended to 900-1100°C/2 h and 680-880°C/8 h ranges, respectively. Consequently, 30 different variants of heat treatment were applied. The microstructural features of heat-treated samples were investigated by means of light microscopy and SEM/EDS methods, while mechanical properties were examined via microhardness measurements. It was found that by using various combinations of temperatures of the first and second stage of aging, the room temperature hardness of Haynes 282 alloy can be decreased by 100 HV units or increased by up to 25 HV units as compared to that of the alloy subjected to the standard heat treatment schedule. The mechanical response of the alloy is determined by a complex structural evolution involving the secondary precipitation of c¢, M 23 C 6 and M 6 C phases, as well as their interaction with the fcc c matrix.
Introduction
Recent global market analyses and forecasts point toward the irreplaceability of nickel superalloys in the most crucial economic sectors that include defense, energy, marine, aerospace industries and other applications where high performance and reliable materials are required (Ref 1). Nickel-based superalloys are widely used in extremely high-temperature load-bearing applications which are far beyond applicability of any other alloys. Nevertheless, a continuous development of new superalloys is taking place, in order to keep up with a worldwide need to increase the efficiency of power units and plants. One such example is Haynes 282 superalloy, which was designed and introduced to overcome temperature limitations of Inconel 718 and Waspaloy in gas turbine engines (Ref 2) . Nowadays, the increased working temperature limit ( 800°C) of Haynes 282 alloy makes it also one of the main candidates for applications in advanced ultra-supercritical power plants ( Ref 3) .
Haynes 282 is classified as c¢-strengthened wrought superalloy (but, it is also under consideration as a cast alloy for fabrication of casings and thin-walled components (Ref 4, 5) ). Its mechanical properties are controlled by the heat treatment containing the solutionizing followed by aging processes. The standard heat treatment procedure includes a solution treatment at 1121-1149°C and two-stage age-hardening treatment (1010°C/2 h + 780°C/8 h) needed to put the alloy into the high-strength state. The main role of solution treatment is to dissolve c¢ precipitates and secondary carbides and to form a supersaturated solid solution. The subsequent two-stage aging is performed to precipitate and stabilize carbides (this first stage is also called ''stabilization''), and to ensure the precipitation of c¢ (in the second stage). Consequently, after the full cycle of heat treatment, the microstructure of Haynes 282 includes (Ti,Mo)-based MC and Cr-rich M 23 C 6 carbides distributed both along grain boundaries and inside grainsÕ volume, and spherical c¢ particles with a typical size of 20 nm (Ref 6 ). In addition, recent studies by Osoba et al. (Ref 7) clearly indicated the presence of M 6 C type carbides after the standard heat treatment. However, as it was theoretically and experimentally documented (Ref 8) , the evolution of phase composition obviously depends on applied temperature of heat treatment throughout affecting the phase equilibria of the system. Therefore, the impact of heat treatment parameters (temperature, time) on the microstructure and mechanical properties of Haynes 282 is still under investigation. The results presented in recently published papers point toward a possibility of a further improvement of mechanical properties of Haynes 282 alloy via tailoring the heat treatment conditions. For example, Joseph et al. (Ref 9) reported that lowering temperature of the first aging stage (1010°C fi 996°C) results in a final bimodal c¢ distribution and grain boundaries decorated by discrete carbides. Consequently, the material was characterized by improved room temperature ductility and simultaneously not decreased strength as compared to the counterpart subjected to the standard heat treatment procedure. Haas et al. (Ref 10) used a in situ small-and wide-angle x-ray scattering (SAXS/WAXS) approach to correlate time-dependent precipitate evolution with Vickers hardness of Haynes 282, during a one-stage aging treatment at 600-1000°C. They found that a peak strengthening (as the effect of a superposition of c¢ precipitate, solid solution strengthening and carbide strengthening components) takes place during the stabilizing heat treatment carried out at temperatures between 780 and 900°C.
The main purpose of the present work is to investigate the microstructural evolution and accompanied mechanical response of Haynes 282 alloy under a complex heat treatment scheme extending already examined temperature ranges. Additionally, the standard heat treatment was applied for the sake of comparison.
Materials and Methods
The material investigated was commercial Haynes 282 alloy in the form of 0.062'' (1.6 mm) sheet, in the solution-annealed condition, as provided by Haynes International (Kokomo, Indiana, USA) company. The nominal chemical composition of the alloy is listed in Table 1 .
Small samples of 5 9 591.6 mm 3 were cut off from the provided solution-annealed sheet and then subjected to heat treatment (age hardening) experiments. The heat treatments were performed in a laboratory induction furnace, in air atmosphere. The samples were water-quenched after removing from the furnace, every time. Temperatures of both stages of the standard two-stage aging treatment (i.e., 1010°C/ 2 h + 780°C/8 h) were extended to 900-1100°C/2 h and 680-880°C/8 h ranges, respectively (Fig. 1a and b) . The full list of annealing conditions applied in 30 different heat treatment experiments (performed under various temperatures of the first and second stages of aging) is presented in Table 2 .
The heat-treated samples were subjected to a microstructural characterization by means of light microscopy (LM) (Carl Zeiss Axio Observer ZM10) and scanning electron microscopy (FEI Scios TM field emission gun scanning electron microscope-FEG-SEM) coupled with energy-dispersive x-ray spectroscopy (EDS). The cross-sectioned specimens were prepared by mechanical grinding using SiC papers (up to 2000 grit) followed by polishing with 3-0.1-lm diamond suspensions and 0.1-lm silica suspension. The microstructural features were revealed by chemical etching with the Aqua regia reagent. Vickers microhardness measurements were performed on a Shimadzu HMV-G tester by using a 200-g load and 10-s dwell time. Indentations were made at ten randomly selected sites of each cross-sectioned sample, and then average values were calculated.
Results and Discussion

Standard Heat Treatment
Haynes 282 alloy in the as-received (solution-annealed) condition was characterized by the ASTM grain size of 4-4.5 (corresponding average grain diameter of 65-90 lm) of the austenitic c solid solution matrix (Fig. 2a) . Since the solutionizing treatment was performed at temperature above the solvus of M 23 C 6 carbides, both grain boundaries and grain interiors were free of secondary precipitation (Fig. 2b) . However, large, blocky-like primary (Ti, Mo)-rich MC carbides were observed inside grains volume (Fig. 2c) . The Vickers hardness of the material in the as-received state was 250 ± 8 HV.
As it was expected, the standard two-stage heat treatment (1010°C/2 h + 780°C/8 h) resulted in an extensive structural evolution dominated by a massive precipitation. After the first stage of aging (1010°C/2 h), grain interiors seemed to be free of the c¢ precipitates, while grain boundaries exhibited a presence of discrete Cr-rich M 23 C 6 carbide precipitates (Fig. 3a) . Furthermore, aside from the primary MC, few intragranular and intergranular Mo-enriched M 6 C carbides were also detected (Fig. 3a) . Due to a higher Z value of molybdenum than chromium, M 6 C appears to be brighter than M 23 C 6 in the SEM/BSE images. After the first stage of aging, only a slight increase in hardness was measured as compared to the solutionized material (250 fi 263 HV).
The second stage of standard aging treatment (780°C/8 h) (Fig. 3b, c) led to the precipitation of very fine (tens of nanometers in size) c¢ particles as well as altered the carbides size and morphology. It is found that M 23 C 6 secondary carbides located along grain boundaries underwent significant coarsening as compared to that presented in the alloy after the first stage of aging. Additionally, some effects of the reaction taken at the primary MC/c solid solution interface leading to the formation of Mo-enriched outer area and growth of new M 6 C carbides as interfacial products (Fig. 4) were also noted.
The reactions between primary carbides and matrix leading to the formation of either M 23 C 6 or M 6 C, involving also simultaneous precipitation of c¢ can be written as (Ref 11
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Heat Treatments at Extended Temperature Ranges
The First Stage of Aging Treatment.
In this work, the first stage of aging (annealing for 2 h) was carried out at: 900, 950, 1010, 1050 and 1100°C. Subsequently, for each of these samples, the second stage (annealing for 8 h) was performed at: 680, 730, 780, 830 and 880°C (Fig. 1a, b) .
Firstly, a strong temperature dependence of the first-stage aging on the measured hardness values was documented (Fig. 5a) . It was found that as compared to the sample subjected to the standard heat treatment (1010°C/2 h-263 HV), the hardness was either significantly increased (up to 336 HV) when the temperature of the first-stage aging was 900°C; or it was prominently decreased (to 200 HV), when temperatures of 1050 or 1100°C were applied. This observation suggests that the as-received state is actually not fully solution- annealed. However, the industrial mill annealing involves air cooling rather than quenching (as it was applied in the present work), resulting in (sub-SEM resolution) gamma prime particles precipitated during cooling. Similar observations have been also made, e.g., by Joseph et al. (Ref 9) . Additionally, as it is presented in Fig. 5(b) , using of very high temperature of the first-stage aging results in a substantial grain growth (the corresponding grain diameter for the ASTM grain number 0 is 360 lm) having also a detrimental effect on the room temperature hardness.
The results of detailed structural characterization allow concluding that reasons for such a big difference between hardness of these samples should be related to an evolution of phase composition, dominated by a coarsening and thermal destabilization of grain boundary precipitates with increasing the temperature of the first-stage aging. As it is documented by corresponding SEM images, the highest hardness of the 900°C/2 h sample is determined by the high volumetric content of the Ni 3 (Al, Ti) phase precipitates located both intraand intergranularly and by a discrete grain boundary carbides distribution (Fig. 6a) . At higher temperatures of the first-stage aging, both carbides and the c¢ phase precipitates were coarsened (at 950°C/2 h- Fig. 6b ), while at T > 1010°C (Fig. 6c, d and e) , no evidence for the presence of c¢ and M 23 C 6 phases was detected by the SEM. Accordingly, the M 6 C grain boundaries carbides were found to be more stable, as it was documented by the fact that they were still found in specimens heat-treated at 1010 and 1050°C. Grain boundaries seemed to be completely ''clean'' only when temperature of the first stage of aging treatment was as high as 1100°C (Fig. 6e) . Thus, increasing the temperature of the first-stage treatment allows a more complete dissolution of both primary and secondary precipitates.
These results are in a good agreement with equilibrium phase diagrams for the Haynes 282 alloy presented by Yang et al. (Ref 8) showing that M 23 C 6 , the c¢ and M 6 C phases become unstable at temperatures above 800, 1000 and 1080°C, respectively.
3.2.2 The Second Stage of Aging Treatment. The effect of temperature of the second stage of aging treatment (for 8 h) on the hardness evolution is documented in Fig. 7 . It is found that independently on applied temperatures of the first stage of aging treatment, the peak strengthening in the second stage took place at 730°C (Fig. 7a and c) or 780°C (Fig. 7b, d and (Fig. 7f) generally increases with raising temperature of the first stage. The highest DHV 2nd stage values were measured for the specimens aged in the first stage at 1050°C or 1100°C, i.e., for these variants in which secondary particles (c¢ and M 23 C 6 carbides) were not previously precipitated. In order to clarify the effect of microstructural features lying behind the measured variations in hardness values, a set of SEM images showing the evolution of the c¢ phase and grain boundary precipitates (Fig. 8 ) was prepared. It should be noted that the high hardness increase in the second-stage aging carried out at lowered temperatures (i.e., 680°C and especially 730°C) should be related to an extremely small size of the precipitated c¢ particles making them almost undetectable for the applied SEM device. Interestingly, for (950°C/2 h + 780°C/8 h) and (1050°C/2 h + 830°C/8 h), bimodal c¢ size distributions were obtained. As it was previously reported by Joseph et al. (Ref 9) , this structural feature allows receiving an optimal strength/ductility balance in Haynes 282 alloy, and indeed, also in the present study, the highest hardness of 398 ± 4 HV was measured for the (950°C/2 h + 780°C/8 h) heat-treated spec- Fig. 9 The effect of applied full heat treatment temperatures on Vickers hardness (as compared to that after standard 1010°C/ 2 h + 780°C/8 h aging). Values higher than that for the standard treatment are marked with green color, while lower ones with red color (Color figure online) Fig. 8 A set of SEM images showing the c¢ and carbide precipitates evolution upon multi-variant two-stage aging treatment of Haynes 282. Each SEM image was taken from 2 lm 9 2 lm area located in a near vicinity of triple points imen. However, static tensile tests are planned to further explore the effect of bimodal c¢ size distributions on the mechanical response of the alloy.
Finally, the effect of applied alternative full heat treatments (i.e., composed of two-stage aging at 900-1100°C/2 h and 680-880°C/8 h) on microhardness is illustrated in Fig. 9 . It is found that by using various combinations of temperatures of the first and second stage of aging, the room temperature hardness of Haynes 282 alloy can be decreased by 100 HVunits or increased of up to 25 HV units as compared to that of the alloy subjected to the standard heat treatment schedule. Such a high hardness variation should be justified in terms of complex structural evolution involving the secondary precipitation of c¢, M 23 C 6 and M 6 C phases as well as their interaction with the fcc c matrix.
Summary and Conclusions
The results of microstructural characterization revealed following effects of altering temperatures of the standard heat treatment (1010°C/2 h + 780°C/8 h) of Haynes 282 alloy:
(1) lowering of the first-stage aging temperature to 950°C
and 900°C resulted in a precipitation of c¢ particles responsible for a relatively high hardness. On the other hand, using the standard (1010°C/2 h) or increased temperatures (1050°C/2 h or 1100°C/2 h) thermally destabilizes both c¢ and carbides strengthening precipitates. It is also worth noting that M 6 C-type carbides confirmed their highest thermal stability. Nevertheless, special attention should be paid to (950°C/ 2 h + 780°C/8 h) treatment giving the bimodal c¢ size distribution and the highest average hardness. (2) using of the lowered temperature of the second-stage aging (730°C/8 h) gives a precipitation of extremely fine (almost undetectable by SEM) c¢ particles that increased the final materialÕs hardness.
The future work will focus on the effect of applied heat treatments on tensile properties of the Haynes 282 alloy as well as on more detailed microstructural studies (involving high resolution transmission electron microscopy) of the c¢ evolution. What should be also noted is the fact that Haynes 282 alloy is supposed to be used at elevated temperatures and a high hardness values obtained at room temperature do not necessarily equate to an ideal condition for service. Therefore, more studies on stability of structure (and hardness) produced through the proposed heat treatments under predicted service conditions are still needed.
